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a b s t r a c t

The advent of pulsed neutron sources hasmade available intense fluxes of epithermal neu-
trons (500 meV ≤ E ≤ 100 eV). The possibility to open new investigations on condensed
matter with eV neutron scattering techniques, is related to the development of methods,
concepts and devices that drive, or are inspired by, emerging studies at this energy scale.
Electron volt spectrometers have undergone continuous improvements since the construc-
tion of the first prototype instruments, but in the last decade major breakthroughs have
been accomplished in terms of resolution and counting statistics, leading, for example, to
the direct measurement of the proton 3-D Born–Oppenheimer potential in anymaterial, or
to quantitatively probe nuclear quantum effects in hydrogen bonded systems. This paper
reports on the most effective methods and concepts for energy analysis and detection, as
well as devices for the optimization of electron volt spectrometers for different applica-
tions. This is set in the context of the progress made up to date in instrument development.
Starting from early stages of development of the technique, particular emphasis will be
given to the Vesuvio eV spectrometer at the ISIS neutron source, the first spectrometer
where extensive scientific, as well as research and development programmes have been
carried out. The potential offered by this type of instrumentation, from single particle ex-
citations to momentum distribution studies, is then put in perspective into the emerging
fields of eV spectroscopy applied to cultural heritages and neutron irradiation effects in
electronics.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Neutron scattering beam lines located at spallation or photo-production neutron sources, benefit from intense fluxes of
thermal and epithermal (above 400 meV) neutrons that represent more than 50% of the total spectral intensity [1–5]. In
particular, on the Vesuvio spectrometer [6] at the ISIS neutron facility [7], the incident neutron flux at the sample position
in the energy range 0.4 eV ≤ E0 ≤ 100 keV, is about 6.5 × 106 n cm−2 s−1 [1]. This represents an incident flux comparable
with that in the thermal region available for inelastic spectrometers at both continuous and pulsed sources [8]. Soon after
the design and construction of accelerator-based neutron sources [9], the original proposals of neutron spectroscopy above
1 eV for the study of condensed matter [10–13], were brought into reality. Indeed, prototype eV spectrometers were set up
soon after the construction of spallation and photo-production based pulsed neutron sources [14–20] to exploit the time of
flight technique [21] for the kinematical reconstruction of the scattering events. These followed a pioneering measurement
in the multi-eV range carried out at the Dubna pulsed reactor by Samosvat et al. [22], whose inspiring potential for further
studies can be appreciated in Fig. 1 below.

In fact, it appeared that vibrational, rotational, and perhaps electronic transitions in molecules could be excited,
with measurable probability, through electron volt neutron–nucleus collisions. This motivated experimental studies on
molecular systemswith pulsed sources and neutron time of flight techniques in combinationwith resonant neutron capture
detectors [22]. These measurements aimed at general studies of excitations by inelastic scattering using eV neutrons. As an
example, Fig. 2 reports the energy spectrum of the inelastically scattered neutrons from benzene [16].

These experiments demonstrated the potential of eV spectroscopy: while the most famous proposal for eV neutron
scattering was addressed to the determination of the Bose condensate fraction in superfluid helium [12], the pioneering
measurements, where the bases of the technique were introduced, have been carried out on molecular systems. While
the experimental and theoretical programme on eV neutron scattering frommonoatomic quantum liquids had remarkable
developments in the late eighties and nineties [23], the activity on molecular, and especially hydrogen-bonded systems,
received a less participated attention. The last decade has shown how the breakthroughs in methods, concepts and devices
have allowed eV spectrometers, and in particular Vesuvio at the ISIS source (UK), to reach an unprecedented capability for
the study of proton momentum distribution with scientific results going beyond the expectation of the initial proposals.
The techniques and methods set up in the last decade have allowed a more than twofold improvement in the instrumental
resolution, and a factor of ten improvement in signal to background ratio. These opened up new perspectives for eV
spectrometers towards high momentum-high energy studies in the deep inelastic neutron scattering regime (DINS), such
as the measurement of the interatomic Born–Oppenheimer and effective potentials in molecules [24–26]. On the other
hand, the study of low-q inelastic scattering with eV neutrons has always been considered of great interest [27–29]
and, thanks to the above mentioned improvements, its potential has been glimpsed very recently by the set up of
dedicated instrumentation [30,31]. Interdisciplinary applications of eV spectrometers have been as well developed in the
last decade, such as the neutron resonance capture analysis of materials, with special application to complex artefacts of
historical/cultural interest [32–34]. The experimental and theoretical scientific programmes led the motivations to these
achievements, but the substantial contributions have to be found in the continuous developments in detection concepts
and methods, and related devices, as well as to energy analysis techniques. The latter are peculiar to eV spectroscopy,
in that in this energy range the techniques typical of nuclear physics do not operate, nor the common methods used
for detection and energy analysis in thermal neutron scattering. We stress that while eV neutron spectroscopy aims at a
microscopic description of condensed matter, sharing the scope of thermal neutron spectroscopy, both energy selection
and detection are based on different principles and methodologies with respect to the thermal range. For example, the
concepts of crystal monochromator or mechanical velocity selector [35–38] have to be abandoned, because of the loss of
efficiency and/or resolution above 1 eV. At the same time the concept of gas proportional counter detector, i.e. the most
used neutron detector [39], cannot be applied due to the loss of efficiency and time resolution, and even the neutron
counting procedure has to be modified, by exploiting radiative neutron capture. As it has been done in the case of reviewing
the scientific programme on the experimental, theoretical and interpretation results on momentum distribution studies
using inelastic eV neutron scattering, that has been the subject of monographs [23] and reviews [40,41], a broad overview
of techniques, methods, and devices instrumental to the advances in electron volt spectrometers motivated the present
work. In our view, eV neutron spectroscopy is given by the concerted contributions of the scientific applications for the
investigation of materials, and the enabling techniques and devices. The work described here highlights the most relevant
techniques and methods, and is intended as a reference for the next generation of electron volt neutron spectrometers.
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Fig. 1. Energy spectra for eV scattering from liquid water, showing the proton recoil line shape for two scattering angles.
Source: From Ref. [22].

2. Electron volt neutron production and related techniques

Intense fluxes of electron volt pulsed neutrons are mainly produced by accelerated beams of both electrons and
protons. Electron-induced neutron production is mainly performed at linear accelerators (LINAC) sources and exploit the
electromagnetic interactions of electrons in matter. Spallation neutron sources rely upon the interactions of high energy
projectiles (protons) with heavy metals target nuclei [42–46]. As generally the projectile energy is about 1 GeV, the strong
interactions are mostly responsible for the neutron production, although a series of mechanisms are involved as briefly
discussed below.

2.1. LINAC sources

LINACs accelerate electrons emitted by a electron ‘‘gun’’ up to energies in the order of 100 MeV. The electrons, packed
into bunches, are then directed towards a target material (e.g. uranium) where they produce neutrons in a two-step
electromagnetic process: (1) production of bremsstrahlung radiation [47], (2) photo-neutron (γ ,n) production [48]. The
whole process is not highly efficient and only a few percent of the incident electrons produce a neutron. Furthermore, a
few thousand of MeV of energy are dissipated for each neutron produced, with related problems of heat removal [49]. Fig. 3
schematically shows the two-step process involved in the neutron production, while Fig. 4 shows a sketch of a LINAC-based
neutron source.

The GELINA neutron source [50], for example, produces electron beams of 100 MeV average energy, 10 ns pulse length,
800Hz repetition rate, 12Apeak and100A average current.With a post-acceleration pulse compression system, the electron
pulse width can be reduced to approximately 1 ns (FWHM) while preserving the current, resulting in a peak current of
120 A. The accelerated electrons produce bremsstrahlung in an uranium target which in turn, by photonuclear reactions,
produces neutrons. Within a 1 ns pulse a peak neutron production of 4.3 × 1010 neutrons is achieved (average intensity
of 3.4 × 1013 n s−1). The neutron energy distribution emitted by the target ranges from sub-thermal to about 20 MeV,
with a peak at 1–2 MeV. To have a significant number of neutrons in the energy range below 100 keV, a hydrogen-rich
moderator is used. The partially moderated neutrons have an approximate 1/E energy dependence plus a Maxwellian peak
at thermal energy. By using collimators and shadow bars, moderated or unmoderated neutron beams are selected for the
twelve neutron flight paths.

In what follows we will focus our attention on spallation neutron sources and the related instrumentation.
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Fig. 2. Incident-energy dependent spectrum of the inelastically scattered neutrons from benzene; the difference between the incident energy and the
final energy (1.46 eV) fixed by the indium resonance analyser is the excitation energy. Vertical arrows mark the fundamental energy and overtones of the
C-H vibration.
Source: From Ref. [16].

Fig. 3. Feynman’s diagrams of the bremsstrahlung radiation process.

2.2. Spallation neutron sources

In the proton-induced neutron production, negative hydrogen ions are accelerated in a LINAC up to several tens of
MeV. Before the injection into the synchrotron, the electrons of the H− ions are removed by a stripper, the protons being
accelerated and packed into bunches with energy up to about 109 eV. The proton bunches are then directed in short bursts
towards a metallic target (e.g. tungsten or lead) where neutrons are produced by spallation reactions, the neutron yield (i.e.
the number or neutrons produced per proton) depending on proton energy and on the target material and geometry [44].
Detailed description of the spallation reactions can be found in Refs. [51–57].

Fig. 5 shows a schematic of the hadronic reactions involved in the spallation process, while Fig. 6 represents a schematic
layout of the ISIS spallation source at the Rutherford Appleton Laboratory (RAL) in United Kingdom, briefly described in the
following.
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Fig. 4. Schematic picture of a Linac-based neutron source.

evaporating

Fig. 5. Schematic drawing representing the possible nuclear processes involved in the spallation reaction.

Instruments

Fig. 6. Schematic layout of the ISIS spallation source with the corresponding beam lines arrangement.
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Fig. 7. Schematics of the neutron time of flight principle.

An ion source produces H− ions at 17 keV energy in 200 µs long pulses to form a beam that is then curved through a
90° magnet to remove any electrons. The H− ions then reach an energy of 35 keV across a DC acceleration gap, and are
focused and directed into the radio frequency quadrupole (RFQ) accelerator, operating at 665 keV and 202.5MHz. Inside the
RFQ, four specially shaped electrodes produce an alternating gradient quadrupole electric field for focusing and acceleration.
Discrete bunches of H− ions 4.94 ns apart are passed into the LINAC, where they are further accelerated up to 70MeV. Before
the injection into the synchrotron, the electrons of the H− ions are removed by the stripper. In the synchrotron the protons
are then accelerated up to 800 MeV, with a bunch rate of 50 Hz. The neutron pulse produced by spallation is very short
(typically few hundreds of nanoseconds) and peaked at high energy. A complex system ofmoderators, reflectors and coolers
surrounds the spallation target that is made of a set of thin tantalum sheets. The purpose of the moderators is to scatter the
fast leakage neutrons (1 MeV) from the target, slowing them down to the energies required for the neutron instruments
(typically between about 1 meV and 100 eV), maintaining the time correlation with the proton beam. This allows for using
the time of flight (henceforth called TOF) technique for the kinematic reconstruction of the scattering process (i.e. to define
energy and wave vector transfer). In the following section a brief description of the TOF technique is presented.

Since August 2009, the second target station (TS2) became operational at ISIS. One in every five pulses is now diverted to
TS2, whilst the remainder continue to the existing target. With the accelerators continuing to operate at 50 Hz (50 proton
pulses per second), this result in a 60 µA proton beam operating at 10 Hz.

2.3. Basic principles of the time-of-flight technique

The total neutron TOF, t , is the time a neutron takes to travel from the moderator to the detector. It can be written
as:

t = t0 +
L0
v0

+
L1
v1

(1)

where t0 is a fixed electronic time delay, L0 and L1 are the (known) incident and scattering flight paths of the instrument,
while v0 and v1 are the initial and final neutron velocities, respectively. The energy transfer is:

h̄ω = m
(v0

2
− v1

2)

2
(2)

and the momentum transfer:

h̄q = m(v02 + v1
2
− 2v0v1 cosϑ)1/2, (3)

where ϑ is the scattering angle.
Fig. 7 represents a schematic layout of a TOF instrument.
The TOF technique requires the knowledge of L0, L1, the scattering angle ϑ and of the initial or the final neutron energy

(E0 or E1) to reconstruct the kinematics of the scattering process. By knowing the initial (final) energy, the total neutron TOF
allows for the measurement of the final (initial) one, while the detector’s angular position, ϑ , allows for the determination
of the wave vector transfer, q.

The TOF acquisition chain can briefly be described as follows: before the proton bunch impinges on the heavy metal
spallation target, a proton beam monitor, placed close to the target, triggers the opening of a time gate (t = tstart = 0)
of fixed duration (∆t ≃ 20 ms at ISIS-TS1). During ∆t the acquisition electronics of an instrument is enabled to process
the signals provided by the neutron detection system (neutron counters). Each signal is stored in a time channel of a Time
to Digital Converter (TDC), its value being the time difference between the initial time of the gate tstart (approximatively
corresponding to the instant the neutron leaves the moderator) and the detection instant (tstop). A fixed time delay t0 (see
Eq. (1)) is typically provided, allowing for the recovery of the detectors of all instruments from the saturation induced by
the so-called ‘‘γ -flash’’, produced in the spallation process [58–60] that will be recalled later in this review.
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Table 1
List of the nuclear reactions useful for neutron detection.

Reaction

n +
3He →

3H +
1H + 0.764 MeV

n +
6Li →

4He +
3H + 4.80 MeV

n +
10B →

7Li∗ +
4He →

7Li + 4He +γ (0.480 MeV)+ 2.3 MeV (br 0.93)
n +

10B →
7Li∗ +

4He →
7Li + 4He + 2.8 MeV (br 0.07)

n +
155Gd → Gd∗

→γ -rays → conversion e−

n +
157Gd → Gd∗

→γ -rays → conversion e−

n +
235U → fission fragments +160 MeV

n +
239Pu → fission fragments +160 MeV
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Fig. 8. Neutron absorption cross section of 3He (dashed line) and 6Li (continuous line) [61].

2.4. Basics of neutron detection techniques

The detection of the neutrons for condensedmatter studies (from ultra-cold to epithermal) is based on nuclear reactions,
where a neutron is absorbed and charged particles are produced and then detected by the energy they release in materials.

The main nuclear reactions used for neutron detection are listed in Table 1. As the Q -values of all the listed reactions are
positive, these are triggered by neutrons in the meV–eV range (for example) always releasing almost the same energy in
the detector. The direct spectroscopic measurement of the neutron energy (in the range of interest for neutron scattering)
based on these reactions is not possible, because the intrinsic kinetic information on the neutron is lost in the large amount
of energy released in the reaction. To perform a neutron scattering measurement it is necessary to select neutron energy
before counting. Once the charged particles have been produced by the one of the nuclear reactions listed in Table 1, they
can be detected with gaseous, scintillation or solid state detectors.

In the majority of the reactions in Table 1, the main problem to be faced for epithermal neutrons detection, is the 1/v
dependence of the reaction cross sections, as indicated in Fig. 8 for the 3He and 6Li, respectively. In the 1–100 eV range, for
example, a way to overcome the problem of the energy dependent detection efficiency will be described in some details in
the next section, especially for inverse geometry TOF instruments. At the time ofwriting, the use of 3He,with its intrinsically
low noise as neutron converter, is severely restricted due to the shortage of commercial 3Heworldwide, and a general effort
is currently carried out for 3He replacement in neutron detectors.

3. Instrumentation for eV neutron scattering

As already mentioned before, all neutron beam lines for both elastic and inelastic scattering experiments at spallation
neutron sources use the TOF technique to resolve diffraction patterns from different Miller indexes [62,63] or to record
inelastic spectra at different h̄ω and q [64,65]. In what follows, we will briefly describe direct and inverse geometry
instruments, eventually focusing our discussion on the inverse geometry spectrometers, where eV neutron scattering is
widely and more effectively performed for condensed matter investigations [21,66].
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Table 2
Energy component of the resolution for the different foils: ∆E1 represents the full width at
half maximum (FWHM) of the experimental Voigt line shape at room temperature. In the
case of U the value at a temperature T = 77 K is also reported (indicated with the prefix (*)).

Filter E1 (eV) ∆E1 (meV) Filter E1 (eV) ∆E1 (meV)
149Sm 0.872 83 150Sm 20.7 261
240Pu 1.06 56 238U 20.9 177
185Re 2.16 58 238U 36.6 242
242Pu 2.67 71 238U 66.0 320
197Au 4.91 182 139La 72.1 436
238U 6.67 103 168Er 79.7 120
238U 6.67 66*
187Os 12.7 100 238U 102.6 410

3.1. Direct and inverse geometry spectrometers

Direct geometry spectrometers monochromate the incident neutron beam (i.e. incident neutrons lying within a narrow
range of energies are selected), while inverse geometry instruments monochromate the scattered beam [67]. The TOF
technique is then used to measure the energy of the scattered neutron, in the first case, or the incident neutron energy,
in the second one. There are three methods of neutron energy selection of common use: (1) a neutron is reflected from a
single crystal such as graphite [68,69]: the angle of reflection determines the energy of the reflected neutrons as described
by the Bragg’s law. Unfortunately the reflectivity of crystals decreases rapidly at high energies. This implies that this is not
a suitable method to perform measurements with q > 20 Å−1, in either direct or indirect geometry instruments. (2) A
chopper is placed in the incident beam [70,71]: this transmits neutrons only for a short opening time, which is phased to
the source pulse and hence only neutrons within a narrow velocity band are selected in the incident beam. The maximum
energy [21] and hence the maximum energy transfer attainable in this way is limited by the maximum rotational speed of
the chopper to typically about 2 eV, with a corresponding maximum q of about 30 Å−1. Recently, attempts are under way
to test the capability of chopper spectrometers to provide efficient energy selection up to 100 eV [72]. (3) A foil, made of a
material with narrow neutron resonance absorption peaks, is placed in the scattered beam, acting as a filter for the energy
selection. In this latter case, data acquisition can be operated either in the Filter Difference Spectrometer (FDS) [22,67,28,73]
or in the Resonance Detector Spectrometer (RDS) [15,74,75,18,16,76,77] configurations (see below). A list of suitable
materials to be used as analyser foils is shown in Table 2. This method for energy analysis is commonly used on inverse
geometry instruments, since better resolution and count rates can be obtained in this geometry [31,78]. Themain advantage
of method (3) is that inelastic neutron scattering measurements can be performed in an unlimited range of neutron energy
transfer (energy loss) as shown in Fig. 9, where iso-angular loci are plotted as a function of the energy and wave vector
transfer for a given final neutron energy.

As an example, if one considers an inverse geometry spectrometer with L0 = 11.055 m, L1 = 0.5 m, and E1 = 4.908 eV,
a typical fixed-angle time of flight spectrum is recorded in the range 50 µs ≤ t ≤ 500 µs with constant time bins of 0.5 µs,
i.e. 900 time channels. We stress that this corresponds, for each detector element, to 900 different values of h̄ω and q [79].
Figs. 10–12 report the accessed h̄ω, q values for this particular choice of L0, L1 and E1. as a function of the neutron TOF.

In order to further extend the kinematic range, the option of longer flight paths can be considered. Novel generation
spallation neutron sources can provide two orders of magnitude increase in the count rate for electron volt spectrometers.
For example the choice of longer primary flight path L0 = 22.00 m, that can be easily accomplished at SNS or J-PARC [80],
would further extend the high limit values of h̄ω, q, as shown in Fig. 13.

For the specific case of proton recoil scattering studies, the crossing of the kinematic range with the proton recoil line is
reported in Fig. 14.

The energy,∆h̄ω, andwave vector,∆q, resolution can both bewritten as a sum of different contributions associatedwith
the uncertainties in the geometrical parameters (L0; L1;ϑ), the time of flight t and the selected final energy E1. Analytical
estimates for approximating the energy and wave vector resolution can be carried out by considering q and h̄ω as a function
of the (experimental) variables

h̄ω = h̄ω(t, E1, L0, L1) (4)
q = q(t, E1, L0, L1, ϑ). (5)

Denoting the uncertainties on these variables by∆t ,∆E1,∆L0,∆L1,∆ϑ , and assuming that they are independent of each
other [81,82,66,83,84,76], Gaussian distributed and sufficiently narrow for the differentials to be considered constant over
their range, we obtain:

(∆h̄ω)2 =


1 +


E0
E1

3/2 L1
L0

2

(∆E1)2 +


2
E3/2
0

A L0

2

(∆t)2 +


2

E3/2
0

L0 E1/2
1

2

(∆L1)2 +

[
2
E0
L0

]2
(∆L0)2 (6)
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Fig. 9. Iso-angular loci of momentum and energy transfers for the inverse geometry configuration with E1 = 6.671 eV.

Fig. 10. Values of energy, h̄ω, and wave vector, q, transfers, for L0 = 11.055 m, L1 = 0.5 m, and E0 = 4.908 eV, as a function of the neutron time of flight
for detection angles ϑ = 2°, 5°, 7°.
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Fig. 11. Values of energy, h̄ω, and wave vector, q, transfers, for L0 = 11.055 m, L1 = 0.5 m, and E0 = 4.908 eV, as a function of the neutron time of flight
for detection angles ϑ = 30°, 50°, 70°.

(∆q)2 =


B2

2 q

2

1 −


E0
E1

3/2 L1
L0

− cosϑ


E0
E1

1/2

−
L1E0
L0E1

2

(∆E1)2

+


B2

2 q

2
2E3/2

0

A L0

2

(∆t)2 +


2

E3/2
0

L0 E1/2
1

2

(∆L1)2 +

[
2
E0
L0

]2
(∆L0)2


×


E1
E0

cosϑ − 1
1/2

2

+


B2

2 q

2 
2(E0 E1)1/2 sinϑ

2
(∆ϑ)2 (7)

where A = (m/2)1/2 = 72.3 eV1/2 µs m−1, and B = (2/ h̄2)1/2 = 21.97 Å−1 eV−1/2.
The main components of the energy transfer resolution are ∆E1 and the ratio L1

L0
. Further refinement of the resolution

may be achieved using the time-focusing method, as pointed out by Carpenter et al. [19]. Table 3 reports the full width at
half maximum of the energy transfer resolutions for different choices of the analyser foil, and for L0 = 11 m and L1 = 2 m,
i.e. L1

L0
= 0.18.

In order to derive a full determination of the resolution line shape we have carried out Monte Carlo simulations of the
spectrometer response in the limit of infinitely narrow excitations, using a modified version of the DINSMS code [85]. The
latter code provides a time of flight neutron transport for scattering from model scattering kernels in the eV range, that
include the main characteristics of the spectrometer: the transfer matrices of the energy analysers, the velocity-dependent
emission time from the moderator, a Gaussian probability distribution for the geometrical parameters, and multiple
scattering. Data have been recorded for a scattering angle ϑ = 50°, a sample with a delta-like excitation at h̄ω = 5000meV,
and 197Au resonance filters, varying both primary and secondary flight paths. Fig. 15 shows how the resolution improves by
increasing the primary flight paths, for non-dispersive excitations of the form S(q, ω) ∝ δ(h̄ω − 5000 meV). In agreement
with the above calculations, the reduction of the ratio L1

L0
improves the energy resolution.



A. Pietropaolo, R. Senesi / Physics Reports 508 (2011) 45–90 55

Fig. 12. Values of energy, h̄ω, and wave vector, q, transfers, for L0 = 11.055 m, L1 = 0.5 m, and E0 = 4.908 eV, as a function of the neutron time of flight
for detection angles ϑ = 110°, 130°, 150°.

Table 3
Resonance energy E1 and FWHM,∆E1 for the different foils at room temperature, taken as FWHM from the experimental neutron scattering cross section
data available at [61].∆E1 represents the energy contribution to the instrument resolution. In the case of 238U the value at a temperature T = 77 K is also
reported, indicated with a (*). The columns 4–8 report the calculated resolution∆h̄ω for selected values of the energy transfer h̄ω.

Filter E1 (eV) ∆E1 (meV) ∆h̄ω (meV)
h̄ω = 10 meV h̄ω = 500 meV h̄ω = 3 eV h̄ω = 7 eV h̄ω = 20 eV

149Sm 0.872 83 98 113 224 492 1848
240Pu 1.06 56 66 74 133 272 965
185Re 2.16 58 69 73 99 157 429
242Pu 2.67 71 85 89 114 167 416
197Au 4.91 182 216 221 252 313 581
238U 6.67 103 (66*) 125 128 144 174 307
187Os 12.7 100 135 138 151 177 286
150Sm 20.7 261 331 334 351 379 495
238U 20.9 177 243 246 262 290 404
238U 36.6 242 387 391 411 446 578
238U 66.0 320 701 707 736 784 952
139La 72.1 436 844 850 879 928 1098
168Er 79.7 120 785 791 826 883 1075
238U 102.6 410 1210 1217 1254 1315 1521

However it has to be noted that for energy excitations of the form h̄ω =
h̄2 q2

2M , such as in the case of free recoil scattering
in the deep inelastic neutron scattering (DINS) regime (briefly summarized later in this report) [41], the q-resolution is
intimately connected to, and dominates, the energy resolution. From the above equations, it is possible to show that an
increased secondary flight path reduces the energy as well as the angular components of the total energy resolution. To
this aim, we have carried out Monte Carlo simulations of the spectrometer response to an infinitely narrow proton recoil
signal, using the DINSMS code: data have been recorded for a scattering angle of ϑ = 50°, a delta-like momentum width of
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Fig. 13. Values of energy, h̄ω, and wave vector, q, transfers, for L0 = 22.00 m, L1 = 0.5 m, and E0 = 4.908 eV, as a function of the neutron time of flight
for detection angles ϑ = 30°, 50°, 70°.

Fig. 14. Typical fixed-angle q, h̄ω values accessed in proton momentum distribution measurements, for detectors in the angular range 32° ≤ ϑ ≤ 67°
(continuous lines); proton recoil line with a line width of 5 Å−1 is also reported (dashed lines).
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a
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Fig. 15. Effect of flight paths contributions to the spectrometer resolution for high energy inelastic scattering experiments,with a non-dispersive excitation
of the form S(q, ω) ∝ δ(h̄ω − 5000 meV). The inelastic spectra were simulated using the DINSMS code for a scattering angle of ϑ = 50°, a delta-
like excitation at h̄ω = 5000 meV, and 197Au resonance filters. (a) Effect of an increase in the primary flight path: the continuous line corresponds to
L0 = 11.055 m, L1 = 0.70 m; the dashed line corresponds to L0 = 22.000 m, L1 = 0.70 m. (b) Effect of an increase in the secondary flight path: the
continuous line corresponds to L0 = 11.055 m, L1 = 0.70 m; the dotted line corresponds to L0 = 11.055 m, L1 = 1.40 m.

0.005 Å−1, and 197Au resonance filters, varying both primary and secondary flight paths. Fig. 16 shows the narrowing of the
resolution by increasing flight paths, clearly showing that, for DINS measurements, the angular resolution dominates the
wave vector, and, in turn, the energy resolution of the instrument.

It therefore appears that the requirements for optimizing the flight paths have to meet a compromise for simultaneous
DINS and high energy inelastic neutron scattering at low angles (HINS) measurements. It is instructive to compare the
resolution performances of direct and inverse geometry instruments for multi-eV scattering. Fig. 17 reports the raw time
of flight spectrum of an hydrogen containing prespex sample, 5 mm thickness, recorded at a scattering angle ϑ = 3.2°,
using 238U analyser [30]. The latter allows energy selections at multiple final energies, namely 6.67 eV, 20.8 eV, 36.2 eV, 66.0
eV, etc. The time of flight spectrum is therefore composed of four regions at different time of flights, corresponding to the
contributions of multiple energy selection. In particular, the proton elastic signals are visible for the final energies of 6.67,
20.8, 36.6 and 66.6 eV.

The spectrum can be transformed from TOF to four energy transfer representations, one for each final energy, i.e. the
uranium resonance energy, to obtain the spectrum in different kinematic regimes. The filter difference technique can in
principle be applied also in direct geometry configuration. The resonance energy of a filter placed in the incident flight path
defines the initial neutron velocity, while the TOF technique allows the kinematics reconstruction of the scattering event.
The energy width of the resonances, as shown for example in Table 3, determines the main resolution component, as in
the indirect geometry case. The limitations in the kinematical space accessed, and on the possibility to optimize the flight
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a

b

Fig. 16. Effect of flight paths contributions to the spectrometer resolution for DINS experiments, where h̄ω ≃
h̄2 q2

2M . In the case of proton recoil scattering,
M = 1.0079 a.m.u., DINS spectra were simulated using the DINSMS code for a scattering angle of ϑ = 50°, a delta-like momentum width of 0.005 Å−1 ,
and 197Au resonance filters. (a) Effect of an increase in the primary flight path: the continuous line corresponds to L0 = 11.055 m, L1 = 0.70 m; dashed
line corresponds to L0 = 22.000 m, L1 = 0.70 m. (b) Effect of an increase in the secondary flight path: the continuous line corresponds to L0 = 22.000 m,
L1 = 0.70 m; dashed line corresponds to L0 = 22.000 m, L1 = 1.40 m.

Table 4
Resonance energy E0 and FWHM,∆E0 for the different foils at room temperature, taken as FWHM from the
experimental neutron scattering cross section data available at [61].∆E0 represents the energy contribution
to the instrument resolution. The columns 4–6 report the calculated resolution∆h̄ω for selected values of the
energy transfer h̄ω for an eV spectrometer in direct geometry using 238U filter for two particular resonance
energies.

Filter E0 (eV) ∆E0 (meV) ∆h̄ω (meV)
h̄ω = 10 meV h̄ω = 500 meV h̄ω = 3 eV

238U 6.67 103 696 633 346
238U 36.6 242 1290 1268 1159

paths ratio L1
L0
, determined a scarce use of direct geometry instrument for scattering in the multi-eV range [67,27]. In the

pioneering study of Ref. [67] the filter difference was applied to both direct and inverse geometry case. As an example, we
report below in Table 4 the calculated spectrometer resolution∆h̄ω for selected values of the energy transfer h̄ω, similarly
to the case of Table 3 above.
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Fig. 17. Raw time of flight spectrum of the hydrogen containing prespex sample, 5 mm thickness, recorded at a scattering angle of ϑ = 3.2°, employing
238U analyser [30].

Fig. 18. Energy-transfer spectrum for scattering from hydrogen recorded on the MARI chopper spectrometer with incident energy E0 = 40 000 meV, for
scattering angle ϑ = 5° [27] (dots); calculated spectrum for a direct geometry resonance filter spectrometer using E0 = 36 670 meV (continuous line, see
Table 4).

The above table shows that the spectrometer resolution using resonance filters in both configuration are of the same
order of magnitude. Indeed, in direct geometry, the most common velocity selector device is the mechanical chopper [37];
however experimental data that allow for a precise characterization of the energy resolution of chopper instruments for
incident energies above 5 eV are not available so far [27]. Nevertheless it is possible to compare the calculated resolution for
resonance filter direct geometry and chopper direct geometry in specific cases. Fig. 18 shows the low angle scattering from
hydrogen, derived from experimental data with a direct geometry chopper spectrometer with an incident energy of 40 eV
and scattering angle ϑ = 5°. In this kinematical regime, the broadening of the scattering spectrum is strongly dominated
by the instrumental resolution. As a comparison, in the same figure we report the calculated spectrum for a direct geometry
resonance filter spectrometer using the 36.67 eV incident energy given by the third uranium resonance. The figure illustrates
that for direct geometry with resonance filter, the energy resolution is approximately ten times smaller than in the chopper
configuration.

In order to allow a more quantitative comparison between direct and inverse geometry performances, Fig. 19 reports
the inverse-geometry spectra in the region of the elastic peak, where E0 ≃ E1, obtained at three final neutron energies [30],
together with a spectrum obtained in similar kinematical region, i.e. E0 = 40 000 meV and ϑ = 5°, for a sample of low
density polyethylene (LDPE) on the direct geometry chopper spectrometer MARI [27].
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Fig. 19. Energy-transfer spectrum of the hydrogen containing prespex sample, 5 mm thickness, recorded at a scattering angle of ϑ = 3.2°, using 238U
analyser, in the region of the elastic peak, for three final (initial) energies [30]: (a) E1 = 6671 meV; (b) E1 = 20 898 meV; (c) E1 = 36 700 meV; (d) elastic
hydrogen peak recorded on the MARI chopper spectrometer with incident energy E0 = 40 000 meV for scattering angle ϑ = 5° [27].

The latter figure provides the energy width at the elastic peak for low angle scattering using incident (final) energies
above 5 eV. It is instructive to compare the performances of direct and inverse geometry spectrometers in this kinematic
range. From the observed Full width at Half Maximum (FWHM) of the elastic peak it is shown that, at the current state of the
art, the resolution on inverse geometry resonance spectrometer is narrower by a factor between 15 and 60 with respect to
direct geometry choppers [67]. In order to assess the expected performance of an inverse geometry eV spectrometer at low
scattering angles, it is possible to consider the energy spectrum associated to the intramolecular O–H stretching excitation
in polycrystalline ice Ih. The neutron energy spectrum can be characterized as composed of a region of an elastic peak, whose
width is mainly determined by the spectrometer resolution, and an inelastic peak located at h̄ω ≃ 420 meV corresponding
to the O–H stretching excitation [86]. A simulation of the spectrum, in energy transfer representation, for a scattering angle
ϑ = 2.0°, with a 238U analyser at E1 =6671 meV is reported in Fig. 20.

The simulated spectrum reproduces to a good approximation the experimental spectrum in similar configuration, as
measured in 2004 [87,88], and a comparison of the experimental and simulated spectra is reported in Fig. 21.

Another case of interest for eV neutron scattering at low angles is the measurement of intermultiplet transitions in
rare earths [89]. The typical splitting of electronic levels of rare earth systems lie in the hundreds of meV–eV range.
For example, intermultiplet transitions were observed in Pr metal using the direct geometry HET spectrometer at ISIS
[90,91], up to 810 meV. The measurement allowed to identify both dipolar (3H4 →

3H5) and, for the first time, nondipolar,
interterm (3H4 →

3F2,3,4) transitions. Such experiments are sensitive to the spin–orbit and Coulomb interactions giving rise
tomultiplet splittings. The neutron cross-sectionwasmeasured for incident energies up to E0 = 1300meV, at low scattering
angles, below ϑ = 5.0°, and with a wave vector transfer q < 10 Å−1. This is a peculiar advantage of inelastic neutron scat-
tering, in that the wave vector dependence of such excitations can be determined, with special regards to optically opaque
materials. For this type of experiment with a direct geometry chopper the energy resolution is a factor about two narrower
than for an inverse eV spectrometer. It is however illustrative to simulate a similar measurement with an inverse geome-
try instrument, thanks to the possibility to attain lower q-values at a given energy transfer. A time of flight spectrum was
simulated for metallic Pr, using a model scattering function of the form:

d2σ
dΩdE1

=
k1
k0
σnSn(q, ω)+

k1
k0

r20 G(q;µ, ν) δ(h̄ω + Eµ − Eν) (8)
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Fig. 20. Monte Carlo simulation of an energy-transfer spectrum of polycrystalline Ice Ih, recorded at a scattering angle of ϑ = 2.0°, employing a 238U
analyser at E1 = 6671 meV (continuous line); the spectrometer resolution at the O–H excitation energy is also reported as a dashed line. The wave vector
transfer values are reported in the top axis.

Fig. 21. Experimental (upper panel) and Monte Carlo-simulated (lower panel) energy-transfer spectrum of polycrystalline Ice Ih (same as in Fig. 20),
recorded at a scattering angle of ϑ = 2.0°, employing a 238U analyser at E1 = 6671 meV (circles with error bars).
Source: Top panel from Ref. [87].
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Fig. 22. Monte Carlo simulation of scattering from metallic praseodymium, recorded at a scattering angle of ϑ = 2.0°, employing a 238U analyser.

Fig. 23. Energy transfer spectrum of a Monte Carlo simulation of scattering from metallic praseodymium, recorded at a scattering angle of ϑ = 2.0°,
employing a 238U analyser with E1 = 6671 meV. The wave vector transfer values are reported on the top axis.

where Sn is the nuclear term associated to nuclear scattering, r20 = 0.29 barn, G(q;µ, ν) is the structure factor associated to
transitions between states labelled by quantum numbersµ, ν; the excitation energies consideredwere: 261meV, 578meV,
747 meV, 809 meV, and 1170 meV, respectively [90]. Fig. 22 reports the simulated time of flight spectrum employing
uranium analysers and a scattering angle of ϑ = 2.0°.

Fig. 23 reports the corresponding energy transfer spectrum, employing the first uranium resonance at E1 = 6671 meV.
Due to the broader energy resolution, with respect to a chopper spectrometer in this energy range, the excitation at 261meV
is only visible as a shoulder on the nuclear elastic signal, while higher energy excitations are visible, with a lowerwave vector
transfer with respect to a chopper instrument.

3.2. Filter Difference Spectrometers

A first example of inverse geometry electron Volt spectrometer is the so-called Filter Difference Spectrometer (FDS)
[28,67,22]. The FDS relies on the use of a scattered neutron energy selection systemmade of a filter analyser, such as one of
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Fig. 24. Principles of operation of a Filter Difference Spectrometer (FDS): F is the resonant filter and ND is the neutron detector.

the materials listed in Table 2, and a neutron counter. The latter is typically a neutron sensitive scintillator, e.g. several mm
thick Li-glasses, or a 3He-based gas counters at pressures of about 10 atm in order to avoid, in both cases, the large efficiency
losses due to the velocity dependence of the absorption probability. The FDS scattering signal is then reconstructed by
subtracting the spectrum recorded with the analyser in front of the counter from the one recorded without it (see Fig. 24).

The experimental signal recorded by a FDS is a time of flight spectrum, representing the number of counts collected in
a time channel of width δt centred in t . The count rate per time bin is given, with a good degree of approximation, by the
expression [92]:

C(t, ⟨ϑ⟩) = β · IP

∫
∞

0
dE0Φ(E0)

∫
∞

0
dE1 (1 − T (E1)) δ(τ )


d2σ

dΩdh̄ω


, (9)

where β is given by:

β = nT∆Ωρsdsη, (10)

IP is defined as:

IP =

∫
∞

−∞

dt0

∫ π

0
dϑ
∫

∞

0
dL0

∫
∞

0
dL1P(t0, ϑ, L0, L1) (11)

and the argument in the δ-function is:

τ =


t − t0 − L0


mn

2E0
− L1


mn

2E1


. (12)

In the previous set of Eqs. (9)–(12),mn is the neutronmass, nT is the number of neutron pulses included in themeasurement,
∆Ω is solid angle defining the detector acceptance, while ρs and ds are the sample density and thickness, respectively;
P(t0, ϑ, L0, L1) is the probability distribution that a given neutron leaves the moderator with a time-delay t0, travels from
the moderator to the sample along a flight path L0, is scattered at an angle ϑ , and finally travels from the sample to the
detector along the secondary flight path L1.

The quantitiesΦ(E0), T (E1), d2σ
dΩdh̄ω and η are the neutron flux at the incident neutron energy, the energy transfer function

of the analyser and the double differential scattering cross section of the sample and the overall efficiency, respectively.
The energy-dependent transmission function of the filter is given by [93–95]:

T (E) = 1 − e−ρσeff xf (E) (13)

where f (E) =
f (E)
f (E0)

is the normalized nuclear absorption profile, σeff the effective absorption cross-section at the peak of
the resonance, x the thickness and ρ the nuclear density of the filter, respectively. The line shape of the cross section in the
resonance region can be well approximated by:

L(E) =
Γ0

π [Γ 2
0 + (E − Er)2]

. (14)

Er being the resonance energy andΓ0, independent of E, the half-width at half-maximum(HWHM). As far as theGaussian line
shape (accounting for the Doppler broadening) is concerned, it can be shown that its standard deviation, σT , is proportional
to the square root of the analyser effective temperature, T ∗; times the neutron energy E, i.e. σT = ( 2mnET∗

Ma
)0.5, Ma being the
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Fig. 25. Ratio between the half width at half maximum (HWHM) of the DDM transfer function in the zero temperature limit, Γ 0
DDM (β, τ ) and the

Breit–Wigner HWHM, Γ 0 for both β = 0 (full line) and β = 1 (dashed line).

nuclear mass of the filter analyser, and T ∗ is approximately related to the Debye temperature of the filter, ΘD and to its
temperature, T , through the formula

T ∗
=

3
8
ΘD coth


3ΘD

8T


. (15)

In a typical scattering experiment, the energy interval of interest is much less than 1 eV around the resonance energy Er
(Er = 4.908 eV for 197Au and 6.671 eV for 238U). Within this energy interval, the σT dependence on the energy can be
neglected. Therefore, the Doppler broadened resonance line shape is given by a Voigt profile that reads:

f (E) =
1

2πσ 2
T

Re

erfc

Γ0 − iE + iEr
(2σ 2

T )

×


(Γ0 − iE + iEr)2

2σ 2
T

 (16)

where f (E0) =
1√
(2πσ 2

T )
erfc( Γ 0√

(2σ 2
T )
)eΓ

2
0 /2σ

2
T =

ψ0
πΓ0

In Eq. (16) the coefficient ψ0 defines the ratio of Voigt profile to the

corresponding Lorentzian profile peak at E = Er . When σT → 0 (i.e. in the limit T ∗
→ 0), then ψ0 = 1; the line shape

reduces to a simple Lorentzian with σeff = σ0, that is the peak absorption cross-section of a bound nucleus.
Defining the dimensionless parameter τ = ρσeff x, Eq. (13) can be rewritten as T (E) = e−τ f (E) and then the transfer

function of the FDS can be expressed as
XFDS(E) = 1 − T (E). (17)

A different method to record the scattering signal in a FDS is the so-called Double Difference Method (DDM) [94,95]. The
DDM relies on the use of two filters of thickness x1 and x2, with x2 = x1/β (0 ≤ β ≤ 1), or at different temperatures [96],
and the instrument transfer function is the result of the following linear combination (see Ref. [94,95]):

XDDM = [1 − e−τ f (E)
] − β[1 − e−τ f (E)/β

]. (18)
For β = 0 one obtains the standard XFDS , while in the opposite limit of β = 1, XDDM vanishes identically. The HWHM
for the transfer function XDDM , namely ΓDDM(β, τ ), can be calculated analytically only for β = 0 and in the zero effective
temperature limit T ∗

= 0 yielding

lim
T∗→0

ΓDDM(0, τ ) = Γ 0
FDS(τ ) = Γ0


τ

ln[2/(1 + e−τ )]
− 1

0.5

(19)

where the superscript 0 indicates that the Doppler broadening is absent. The growth of Γ 0
FDS(τ )with τ is shown in Fig. 25.

Values of ΓFDS(τ ) for non-zero effective temperatures have to be evaluated numerically, starting from Eq. (17). When
β ≠ 0 the HWHM of the transfer function XDDM(E) must be calculated numerically, even in the limit of T ∗

= 0. In the
limiting case of very large β (namely → 1), expanding Eq. (18) around β = 1, one obtains:

XDDM(E) ≃ (1 − β)[1 − e−τ f (E)
] − τ f (E)e−τ f (E). (20)

This transfer function, that vanishes for β = 1, has therefore a limiting line shape which is independent of β . Its HWHM is,
in the zero effective-temperature limit, a smoothly varying function of τ , that can be evaluated numerically, using the above
Eq. (20).
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Fig. 26. Ratio between the HWHM Γ 0
DDM (β, τ ) and Γ0; calculated for a 197Au filter foil at room temperature (circles) and for 238U at T = 77 K (squares),

both for β = 0 (full symbols) and β = 1 (empty symbols). Lines are guides for the eye.

Fig. 27. Ratio between the HWHM ΓDDM (β, τ ) and Γ0 as a function of β for the 238U foil (squares at room temperature and circles at liquid nitrogen
temperature) and the 197Au foil at room temperature (triangles) for the τ values of 1.1, 1.8, and 1.6 respectively. Lines are only a guide for eyes.

The ratio between Γ 0
DDM(β → 1, τ )/Γ0 is reported as a function of τ in Fig. 25, for both β = 0 and 1. Intermediate β

values will yield values falling between these two curves for any given value τ of the thinner filter. It is worth noting that
the value of Γ 0

DDM(β = 1, τ )when τ = 0 represents, for a given value of Γ0, the minimum attainable HWHM. This situation
corresponds to the DDM performed using two identical, thin filters. The corresponding transfer function in the double limit
τ → 0, β → 1 can be worked out analytically expanding the exponential in Eq. (16) to obtain XDDM(E) =

1
2 (1−β)τ 2f (E)2,

i.e. the square of a Lorentzian function, whose HWHM in the zero effective-temperature limit is Γ0
√
20.5 − 1 = 0.64Γ0. In

Fig. 26 are reported the numerical calculations of the ratio ΓDDM(β, τ )/Γ0 for 197Au and 238U filters at room temperature,
obtained in both limits β = 0 and 1. In this figure, the β = 0 limit corresponds to a FDS spectrum with a filter of thickness
τ , while the β = 1 limit corresponds to a DDM spectrum obtained using two identical filters of thickness τ .

All intermediate β values yield curves laying between these two cases. An example of the dependence of ΓDDM(τ ) on β
is shown in Fig. 27.

The main advantages of DDM are: (1) a considerable improvement of the resolution and (2) a significant qualitative
change in the shape of the Lorentzian wings of the transmission function. This occurs since the wings of XFDS(E) are
independent of τ , except for multiplication by τ (whenever f (E) is small, the expansion of the exponential yields f (E)
itself). As a consequence, in the DDM configuration the wings of the transfer function are partially cancelled out with the
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Table 5
Main physical parameters of different nuclear resonances which can be
employed in the RDS configuration: Er is the resonance energy, σ0 the peak
value of the resonance cross section and Γ0 the half width at half maximum.

Isotope Er (eV) σ0 (b) Γ0 (meV)
113In49 14.6 9965 67
139La57 72.2 5969 96
150Sm62 20.7 56207 109
160Dy66 20.5 16165 124
168Er68 79.7 11203 121
178Hf72 72.6 16838 112
182W74 21.1 46800 104
190Os76 91.0 6777 105
197Au79 4.96 36592 60
238U92 6.67 23564 25
238U92 20.8 37966 34
238U92 36.6 42228 57
238U92 66.0 20134 48

consequent improvement of the overall instrument resolution at the price of a reduced counting statistics. In the above
discussion we gave only some of the main results that can be found in Ref. [94], to which the reader is referred to for a
thorough discussion.

3.3. The Resonance Detector Spectrometer

Adifferent class of inverse geometry electronVolt spectrometers is the so-called ResonanceDetector Spectrometer (RDS).
These consist of a scattered neutron energy selector made by a resonance analyser and a gamma detector. The RDS counting
procedure relies upon two main steps [97,31,98,99,76,100]: in the first one, the scattered neutron beam impinges onto the
analyser foil which provides the energy analysis by means of (n, γ ) resonance absorption at a given resonance energy Er ; in
the second step, the prompt gamma-rays are detected to assign the total neutron time of flight.

It has to be stressed that the gamma detector is used as a counter: for each absorbed neutron into the analyser, a gamma-
ray cascade is produced with a certain probability. It is enough that one photon among the whole cascade is detected, even
by a partial release of its energy in the detector (above a discrimination threshold that can be set electronically), to trigger
a counting signal for the electronics. Also in the RDS configuration the scattering signal is reconstructed by performing
the difference between analyser-in and analyser-out TOF spectra. The expression of the count rate for a RDS is similar to
that shown in Eq. (9). It has to be stressed that the latter represents only the signal component, i.e. assuming the absence
of background. A more complete expression should contain background terms, as it will be discussed in the following.
One important advantage of using gamma detectors is that the wide photon spectrum from the analyser (atomic X-rays
and nuclear gamma-rays) allows to use energy discrimination thresholds that improve the signal to background ratio, still
guaranteeing a good counting efficiency [60].

3.3.1. Choice of the neutron counting system in the RDS configuration
The analyser foil has to fulfil some important requirements: (i) the radiative capture cross section has to show isolated

and intense resonances in the energy region of interest (Er = 1–100 eV), (ii) these resonances should have small widths as
compared to Er , (iii) the emitted γ -ray spectrum should contain lines with appreciable relative intensities in a wide energy
range. The first two requirements are important in order to properly select the scattered neutron energy and to ensure a
low contribution to the energy component of the spectrometer’s resolution function, respectively. The third requirement
allows for selecting γ energies to improve the S/B ratio.

In Table 5, a number of suitable isotopes to be used in the RDS configuration are listed together with their main physical
characteristics. According to the single level theory of Breit andWigner [101] for an isolated nucleus, the neutron resonance
absorption cross section is a Lorentzian function of the neutron energy in the laboratory frame where the nucleus is at rest
(see Eq. (14)). In a real experiment the absorbing nucleus is embedded in a solid. In this case the resonance absorption profile
departs from a pure Lorentzian due to the effect crystal lattice [102] and of the chemical bonding [103]. It can be shown that
in the case of weak binding between absorbing atoms, defined by the condition [103]

Γ0 +

RkBTeff ≫ kBΘD, (21)

where kB is the Boltzmann’s constant and R is the recoil energy of the absorbing nucleus, the absorption cross section is
given by

σ = σ0 · Ψ (ξ , x), (22)
with

Ψ (ξ , x) =
ξ

2
√
π

∫
∞

−∞

dy
exp[−


ξ

2

2
](x − y)2

1 + y2
(23)
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Fig. 28. Radiative capture gamma emission lines and intensities relative to most intense line at about 11 keV, for 238U [104].

Fig. 29. Radiative capture gamma emission lines and intensities relative to the most intense line at about 215 keV, for 197Au [105].

where x =
E−Er−R
Γ0

and ξ =
Γ0

2
√

RkBTeff
. In the weak binding approximation, the effect of the temperature and chemical

bonding on the resonance profile is described by the effective energy spread:

kBTeff =
1
2

∫
∞

∞

dE E g(E) coth


E
2kBT


, (24)

T being the thermodynamic temperature and g(E) the phonon density of states in the solid. The neutron absorption
probability approaches 1 in the limit of very thick absorbers, however an increase in the absorber’s thickness produces
an increase of the resonance absorption profile width, thus worsening the resolution of a RDS and leading to possible self-
shielding effects. An acceptable compromise between high absorption probability and energy resolution is given by the
condition Ndσ0 = 1, Nd being the number density of resonant absorbing atoms per unit area perpendicular to the neutron
beam.

Figs. 28 and 29 show histograms of the relative intensities as a function of the γ line energy, for both 197Au and 238U.
The role of the γ detector in the RDS configuration is neutron counting. As described before, the resonance absorption of

scattered neutrons into the analyser produces a prompt emission of γ -rays with a certain probability, whose detection
is used to assign the neutron TOF by a proper signal processing electronics. The RDS counting rate depends on the
neutron absorption probability in the analyser, the efficiency of the γ detector and the discrimination threshold set in the
measurements.
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Fig. 30. Schematic picture describing primary and multi-step radiative transitions following resonance neutron capture.

In fact the environmental operation conditions of a spectrometer are characterized by the presence of heavy direct and
neutron-induced photon background, and the use of discrimination thresholds is very useful for the optimization of the
signal to background ratio [59,58].

An important requirement for a γ detector is the absence, in the activemedium, of isotopes having neutron resonances in
the 1–100 eV energy range. These resonances produce beam-correlated background featuring peaks that are superimposed
to themain scattering peaks from the sample. Inorganic scintillators, commonly used for γ -ray spectroscopy, can be suitably
employed in the RDS configuration because most of them fulfil the above mentioned requirements. The possibility to have
crystals of different sizes allows to use them in different photon energy ranges. Despite these useful characteristics, radiation
damage effects may be important and can cause reduction of transparency due to colour centres formation which absorb
the scintillation light.

Solid state detectors such as high purity germanium or silicon are commonly used for energy resolved photon
spectroscopy because of their very good energy resolution. For this class of semiconductors, radiation damage effects is
a limiting factor for their routine use for the RDS configuration. Furthermore, due to a small band gap energy, these devices
operate at low temperature in order to maintain a low leakage currents level. A different class of solid state detectors are
the compound semiconductors such as Cadmium–Telluride (CdTe) and Cadmium–Zinc–Telluride (CZT) [106].

Thesematerials can operate at room temperature thanks to larger band gap energies (in the order of 1–2 eV) as compared
to Ge and Si. The larger mean atomic numbers for CdTe and CZT provide an higher photoelectric absorption probability and
a higher efficiency for high energy γ -rays with respect to intrinsic Ge and Si semiconductors.

3.3.2. Considerations on the detection efficiency for the RDS configuration
The RDS counting efficiency is mostly independent of neutron energy, differently from what happens in the FDS

configuration, as shown in a series of experimental works [60].
This feature can be explained on a physical ground, by referring to the simplified picture shown in Fig. 30.
It is well known that the transitions probabilities, from states that are excited by the neutron capture, to different

final states depend on the incoming neutron energy, the corresponding primary γ emission width, Γλf , following a
Porter–Thomas distribution [107]. The secondary transitions, however, proceed from states that are fed by multi-step
transitions from the capturing state, and are less dependent on neutron energy. Indeed, the spectrum of low energy
transitions is largely independent of capturing states for target spin I = 0 and s-wave neutrons. This argument is made
plausible by considering that low energy lines represent depopulation of levels that are fed by many transitions; hence,
their distribution is characterized by a variance 2

νeff
, νeff being the effective number of contributing channels, which for a

heavy nucleus such as 238U is in the order of several hundreds. In such a case the line strength is closely proportional to the
capture cross section. The appreciable fluctuations of the relative intensity with incoming neutron energy of the primary γ
transitions [108] do not appreciably affect the detection efficiency as the counting is provided by an integrated detection
over a wide energy range, where secondarymulti-step transitions are highly predominant. The efficiency ηd can be affected
by the self-absorption of the γ -rays within the analyser. This effect depends on the γ -ray energy and is negligible, as a first
approximation, due to the small thickness of the foils (in the order of few tens of microns, depending on the resonance cross
section) and to the high energy of the γ -rays (from few hundred of keV to MeV).

To estimate the detection efficiency ηd, let us consider a simplified situation, sketched in Fig. 31.
In the figure, n represents a scattered neutron of energy E = Er impinging normally to the analyser foil surface of

thickness t . In a first order approximation (single neutron interaction) the neutron is absorbed after travelling a distance x
into the analyser. At the absorption point a single γ -ray of energy Eγ is promptly emitted and may enter into the photon
detector, that is placed very close to the analyser. In a very simpleway it can be argued that the detection probability is given
by ηd = Pn(Er) · Pγ (Eγ ) · Ir(Eγ ) · εd(Eγ ), where Pn(Er) represents the neutron absorption probability in the analyser, Pγ (Eγ )
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Fig. 31. Illustration describing the variables employed to evaluate the detection efficiency of a RD, in the simple case of normal incident neutrons onto
the analyser and forward emission of photons towards the detector.

is the escape probability for the γ -ray, Ir(Eγ ) is the relative intensity of the γ line and εd(Eγ ) is the detector efficiency for
the line Eγ . The overall detection efficiency can be written, with the very simple assumption described above, as:

ηd = Ir(Eγ ) · εd(Eγ ) · 0.5
∫ t

0

1
λn(Er)

· exp
[
−

x
λn(Er)

]
· exp

[
−

t − x
λγ (Eγ )

]
· dx (25)

where integration over x indicates that the escaping probability of the photon depends on the absorption point of the
neutron, while the 0.5 factor takes into account the geometrical efficiency due to forward γ emission. The result, after
simple integration calculations, is:

ηd =
e
−

t
λγ (Eγ )

λn(Er)
·


β̄2λ ·

[
e
λ
β2 − 1

]
· Ir(Eγ ) · εd(Eγ ). (26)

In Eq. (26) λγ (Eγ ) is the attenuation length for the γ in the analyser, λn(Er) is the interaction length for the resonant neutron
in the analyser, β̄2

= λγ (Eγ ) · λn(Er) andλ = λγ (Eγ ) − λn(Er). In order to make a numerical evaluation of the detection
probability, let consider a neutron energy of 6.671 eV and a 238U analyser, assuming that a 138 keV γ -ray (see Fig. 28) is
emitted. In this case the λn(Er) ≃ 30 µm, while λγ (Eγ ) ≃ 160 µm. Considering a relative intensity Ir(Eγ ) = 0.65 and a
detector efficiency εd(Eγ ) = 1 a value ηd ≃ 0.18 is obtained. This calculation does not take into account the whole isotropic
γ -ray cascade and the homogeneous distribution of scattered neutrons onto the analyser’s surface, however gives an order
of magnitude for ηd. Despite the very raw assumptions it can be argued that, due to the difference between λn(Er) and
λγ (Eγ ), the self-absorption probability is not a dominant effect, being in the order of 12% for a 138 keV γ -ray in uranium.

By varying the neutron resonance energy, the radiative capture cross section also varies and thus the penetration depth of
the neutron in the analyser. Anyway by properly tuning the analyser thickness to the cross section intensity, and considering
that the γ emission is mostly independent of neutron energy, a neutron energy independent ηd is obtained.

3.4. Hybrid configuration: the Foil Cycling Technique

Thewidth of the resolution function of a RDS can be narrowed by employing a signal recordingmethod, henceforth called
the Foil Cycling Technique (FCT), described schematically in Fig. 32.

It envisages the use of two foils of the same material: the first, the analyser foil, is placed in front of the photon detector
and behaves as the standard energy analyser for the RDS configuration, while the second, the cycling foil, is placed between
the sample and the analyser at a given distance from the latter. In the scattering experiment, the cycling foil alternates in
and out of the scattered neutron beam, leaving the analyser in front of the photon detector. Subtracting the spectra acquired
with andwithout the cycling foil produces the final data. The improvement of the resolution function is due to the narrowing
of the FWHM of the transfer function using this technique. The FCT may be called a redundant resolution technique, one
resolving method, the RDS, piled upon another, the FDS. The cycling foil acts as a filter and removes neutrons from the
scattered beam having energies in the range of ±∆Er around the resonance energy Er . When the cycling foil is between
the sample and the analyser, the photon detector registers the γ -rays produced by neutrons that pass the filter and are
absorbed by the analyser. Photons produced by the cycling foil are much less effectively detected due to the smaller solid
angle subtended by the detector, as the analyser-to-cycling foil distance is in the order of several tens of centimetres. The
contribution of γ produced by the cycling foil is further reduced by the subtraction procedure, as the number of γ -rays from
the cycling foil registered by the detector can be made comparable for the foil-in and foil-out positions.
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Fig. 32. Schematics of the principle of operation of the foil cycling technique.

 

Fig. 33. Transfer functions for the single analyser foil (continuous line) and for the Foil Cycling Technique (dashed line). The dotted line represents the
contribution of Tin(E).

The overall transfer function in this ‘‘hybrid configuration’’ of an eV spectrometer can be reconstructed considering the
cross sections involved in the filtering procedure and can be written, accordingly to Eq. (13), as the difference between the
cycling foil-out transfer function for an analyser foil of thickness d1 and the cycling foil-in transfer function for a filter of
thickness d2:

TF (E) = Tout(E)− Tin(E) = {1 − e[−Nσ(n,γ )(E)d1]} − e[−Nσtot (E)d2] · {1 − e[−Nσ(n,γ )(E)d1]}. (27)

Fig. 33 represents the transfer functions TFCT , Tout and Tin, in the case of d1 = d2, corresponding to a 7µm 197Au analyser/filter.
This thickness is about one interaction length for a neutron at the 4.906 eV resonance energy of 197Au. The transfer function
TF (E) has a FWHM which is appreciably narrower as compared to the standard RDS (i.e. Tout(E)), improving from about
236 to 160 meV. As far as the efficiency loss is concerned, the difference in the peak value of the interaction probability is
about 30%. The intensity reduction can be improved by properly tuning the thickness of the filter and the analyser, relaxing
the resolution. Out of the resonance region the tails are depressed, even if not exactly cancelled. In fact the different cross
sections involved σ(n,γ )(E) and σtot(E) have a different behaviour in the off-resonance regions, as it is well shown in Fig. 34.

At about 10 eV the ratio of the two cross section is a factor of 4,while at about 35 eV is a factor of about 50. The combination
represented by Eq. (27) provides an overall transfer function characterized by lower tails, as compared to the standard
RDS transfer function. The choice d1 = d2 = d seems the most reliable in terms of counting efficiency and resolution
improvement. As amatter of fact, fixing the analyser thickness at the value d1 = λ and lowering the filter thickness (d2 < λ),
the Tin(E) functions would have higher tails and a less pronounced drop in correspondence of the resonance energy Er . This
provides a TF (E) characterized by a faster decrease of the tails, but an appreciable intensity reduction at the peak. On the
contrary a thicker filter thickness (d2 > λ) would provide a Tin(E) characterized by an appreciable drop at the resonance
energy but would produce a TF (E) with a lower decrease in the tail region. The effect of a thicker analyser (d1 > λ) would
produce a gain in the peak intensity but an enlargement of the FWHM of Tout(E) which would be less compensated in the
difference procedure that provides TF (E).

A complete description of the resolution function line shape in the FCT configurationwas done, and the reader is referred
to Refs. [110,111] for a thorough discussion. For sake of brevity, here below we report the main result of that investigation.
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Fig. 34. Total (dashed–dotted line) and radiative capture (continuous line) cross-sections for 197Au in the energy range up to 70 eV [109].

Fig. 35. Transfer function given by Eq. (27) (dots) and a fit (dashed line) obtained employing the form given by Eq. (28).

The functional form assumed for the FCT transfer function is given by a sum of a Gaussian and a power of a Lorentzian of
the form:

TGL(E) =
AG

√
2πσ 2

· e−
(E−Er )2

2σ2 + AL


ΓL
2

π

(E − Er)2 −

Γ 2
L
4



α

, (28)

where σ is the standard deviation of the normal energy distribution, ΓL is the FWHM of the Cauchy distribution and AG and
AL are amplitude parameters (AL with its dimensions).

Fig. 35 shows the transfer function built from Eq. (27) together with the best fit using Eq. (28).
A different set of fitting functions were also tested, but the choice of Eq. (28) is the most appropriate. This was also

confirmed by a series of simulation of DINS spectra from a lead sample. For heavy mass atoms, such as Pb, the DINS line
shape signal is dominated by the spectrometer resolution, so that this simulation was a very stringent test for the reliability
of the transfer function. Indeed small deviations from the correct transfer function would result in appreciable differences
between experimental and simulated spectra. In Fig. 36, the experimental and the simulated TOF spectra are reported in
the region 250–500 µs. The spectrum is relative to a YAP detector at the smallest angle in the array (ϑ ≃ 48°). This has
been chosen in order to maximize the contribution of the resolution (i.e. the geometrical component [81]) to the chosen
transfer function TF (E). The simulation is in very good agreement with the experimental data with χ2

= 1.03. The average
χ2, calculated over the whole set of the 64 detectors employed for the measurements, has a value ⟨χ2

⟩ = 1.04 ± 0.06.
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Fig. 36. Experimental (dots) and simulated recoil spectra (continuous line) from a lead sample, employing a transfer function based on Eq. (27), for a
detector at about 48°.
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Fig. 37. Energy transfer functions obtained through the Double Difference Method (dashed line) and with the Foil Cycling Technique (continuous line).

The DDM described for a FDS could be used in a RDS as well. In this specific case, the transfer function has the form:

TDD(E){1 − exp[−Nσγ (E)d1]} − β{1 − exp[−Nσγ (E)d2]}, (29)

where the radiative capture cross section has to be used.
When applied to the RDS, the weighted difference in Eq. (29) is performed on TOF spectra acquired with the analyser

close to the γ detector’s surface. Thus, differently from the FCT, in this case only σ(n,γ )(E) contributes to the transfer function
in Eq. (29). Fig. 37 shows the non normalized transfer functions TDD(E) and TF (E) in an energy interval around the 4.906 eV
197Au resonance.

The TDD(E) has been calculated employing the radiative capture cross section of 197Au and a value of β = 0.333
(d1 = 7 µm and d2 = 21 µm).

It can be noticed that the transfer function TF (E), (continuous line) has a peak intensity which is a factor of about 1.4
higher than TDD(E) (dashed line). Thus the counting efficiency at the peak of the transfer function is about 37% higher for the
FCT (for the typical values of the foil thickness employed in the two techniques). As far as the FWHM achieved with the two
different techniques is concerned, it has to be mentioned that the difference is less than 5% for the case considered here.

The DDMprovides a transfer function characterized by a larger depression of the off-resonancewings with respect to the
FCT. In fact, while in the FCT the total and the radiative cross sections are involved (with different behaviours in the wings as
shown in Fig. 34), in the DDM is the same cross section (the radiative capture one for the RD) which enters in the TDD(E). In
the latter case the tails out of the resonance region are better subtracted as it can be seen in Fig. 38, where TDD(E) and TF (E)
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Fig. 38. Transfer functions for DDM (continuous line) and the Foil Cycling Technique (dashed line) in the energy range up to 40 eV.

are plotted, in a semi-log scale, in an extended energy region up to 40 eV. Appreciable differences can be observed above
7–8 eV, i.e. five decades below peak height: at 10 eV the transfer function for the FCT is a factor of 4 higher than the DDM
one, while at about 35 eV it is a factor of 50 higher. However, these differences in the energy transfer functions become less
pronounced when TDD(E) and TF (E) are convoluted with the instrumental resolution and the intrinsic response function
of the probed system, as it will be pointed later in this report. Furthermore, the tails of the transfer functions in the DINS
spectra, correspond to TOF regions characterized by very low intensity and statistically noisy data.

The combined effects of the convolution and the statistics would prevent, within the standard acquisition time on the
instrument, a clear distinction (in the tail region) between data acquired using the FCT or the DDM. Thus FCT is preferred
for counting rate purposes.

In fact it has to be noted that the lack of intensity in the TDD(E) as compared to TFCT (E) (see Fig. 37), results in a longer
acquisition time, for the DDM, to achieve the same statistical accuracy ensured by the FCT.

4. Gamma background sources in eV spectrometers

As already stated before, Eq. (9) represents only the signal component of the RDS count rate, i.e. assuming the absence of
background. A more complete expression should contain background terms, thus yielding:C(t) = C(t)+ Biso(t)+ Bdir(t)+ B′z(t)+ B′′z (t)+ Bf (t)[θ((t)− θ(t − t0))] + Bcoll(t)+ B0, (30)

where Biso(t), Bdir(t), B′z(t), B′′z (t) and Bf (t)[θ((t) − θ(t − t0))] and Bcoll(t) are time dependent background components
correlated to the pulsed neutron beam, while B0 describes a background term not correlated to the beam. The term Biso(t)
represents an isotropic background mostly due to the γ ’s produced in the neutron–wall interactions in the experimental
hall housing the spectrometer, caused by neutrons scattered off samples. As a matter of fact, the effect of the scatterer is to
remove neutrons from the incident beam, redistributing them almost isotropically (exception ismade for pure hydrogenous
samples) with an intensity given by:

N = N0 · [1 − exp(−Nsσsd)], (31)

where N is the number of neutrons scattered in all directions, N0 is the number of incident neutrons (related to the incident
neutron flux), σs is the scattering cross section and d is the sample thickness. The termN0 makes the background term Biso(t)
correlated to the neutron beam, while the intensity is related to the sample’s properties through Ns, σs and d.

The term Bdir(t) describes a directional component, mostly provided by the γ ’s produced in the neutron beam stop
material, composed of hydrogen, iron and boron, placed at the end of the transmission beam pipe (five metres beyond the
sample position in the case of the VESUVIO spectrometer at ISIS). The transmitted neutron beam is in general a high fraction
of the incoming neutron beam (generally more than 70%), so that the γ emission from the beam stop is very intense. A large
fraction of the photons are shielded from the wall material itself, but an appreciable quantity, escaping from the beam tube,
may reach the detectors, especially at small scattering angles.

The terms B′z(t) and B′′z (t) describe background γ ’s generated by the moderator and the decoupler material (see Fig. 39).
The subscriptz labelling the two terms in Eq. (30) evidences that these γ are almost collinear with the beam pipe axis and
travel parallel to the neutron beam. The hydrogen contained in the moderator absorbs thermal neutrons, emitting radiative
capture γ ’s at 2.2MeV (100% relative intensity). Themoderators are surrounded by awater-cooled beryllium reflectorwhich
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Fig. 39. Schematic of the target–reflector assembly: the flux of neutrons produced in the spallation reactions impinging on the moderator is enhanced
by the use of the Be reflector. The pulsed neutron beams from the moderator travel together with γ -ray beams produced in the decoupler and into the
moderator.

Table 6
Natural abundances for the naturally occurring gadolinium isotopes.

Isotope Natural abundance (%)
152Gd 0.20(1)
154Gd 2.18(3)
155Gd 14.80(12)
156Gd 20.47(9)
157Gd 15.65(2)
158Gd 24.84(7)
160Gd 21.86(19)

scatters neutrons back into the moderators. The use of a reflector is very important to enhance the slow-neutron intensity
from a moderator, although it brings about a considerable pulse broadening. In order to suppress the pulse broadening
at the minimum penalty in the peak intensity, the concept of a decoupled moderator can be employed [112,2,113].
The idea is to decouple the moderator from the reflector below the so-called ‘‘decoupling energy’’ Ed, by inserting a slow-
neutron absorbing sheet, the so-called ‘‘decoupler’’, between moderator and reflector except for the surface viewed by the
sample. With a decoupler, low-energy neutrons arriving at the moderator at later times from the reflector can be stopped
from entering the moderator, thus resulting in the suppression of the pulse broadening, with the highest possible peak
intensities so as to maximize the figure of merit. Cadmium (Cd), boron carbide (B4C) and gadolinium (Gd) are the most
widely used decoupler materials. The background from the radiative capture γ cascade from the decoupler depends on the
specific material considered.

For example, on the VESUVIO spectrometer discussed before, a Gd decoupler is used. The naturally occurring isotopes of
gadolinium and their isotopic abundances are listed in Table 6, while in Figs. 40 and 41 the radiative capture cross sections
and the corresponding radiative capture γ energies and relative intensities are shown, respectively.

The γ production mechanisms in the moderator and in the decoupling system are characterized by different ‘‘relaxation
times’’, indicated as τM and τD, whose magnitudes are in the order of few tens and few hundreds of microseconds,
respectively. The corresponding intensities in the time spectra decrease as exp(−t/τM) and exp(−t/τD). Fig. 42 shows
the two components (referred to as the ‘‘moderator component’’ and the ‘‘decoupler component’’) in the time region up
to 500 µs. This multi-components time structure in the background has been observed in DINS measurements on VESUVIO
when operating in the RDS configuration [115,116].

The term Bf [θ(t) − θ(t − t0)] (θ(x) being the Heaviside function) represents a background term relative to a transient
process of γ production occurring in the spallation target, the so called γ -flash.

The last term in Eq. (30) is present only for naturally radioactive analyser materials such as 238U. This background source
being random in nature is not correlated to the neutron beam and thus provides a flat pedestal in the TOF spectra. Anyway
the radioactive emission spectra cover a wide energy range and thus its fine characterization is useful.

The gamma background on the eV spectrometer VESUVIO was accurately investigated by performing both pulse
height spectrum analysis, with a high purity Germanium (HpGe) detector, and time of flight spectra with a
Yttrium–Aluminium–Perovskite (YAP) scintillator crystal [59,58]. The first was intended to recognize the most important
energy regions of the gamma spectrum that contribute mostly to the overall background, the second aiming at a mapping
of the background in the spectrometer’s hall. Although the background measurements are of paramount importance in
developing and optimizing an eV spectrometer, the full details of the background measurements are not essential in the
context of this report. Refs. [59,58], to which the reader is referred to, will provide a thorough description of the procedure.

Here we stress that the relative weight of the different components in Eq. (30) depends on the type of measurements:
for scattering measurements performed in angular range between 30° and 70°, the effect of Biso(t) and Bdir(t) is larger as
compared to the others; for small-angle scattering measurements (ϑ ≤ 10°), the relative weight of B′z(t), B′′z (t) and Bdir(t)
become comparable to that of Biso(t) that maintain almost the same magnitude in both scattering configuration.
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Fig. 40. Energies and relative intensities of the radiative capture γ rays from the Gd isotopes [114].

The term Bcoll(t) is appreciable especially for backscattering experiments, as in this case the detectors are closer to the
incident beam collimation system.

5. Applications

In this section we will briefly overview some applications of eV neutron spectroscopy, providing the main details of the
theoretical framework, outlining some important results and/or potential achievements, highlighting in a few cases the R&D
activity for novel instrumentation.

5.1. Deep inelastic neutron scattering

Deep inelastic neutron scattering (DINS) is a unique experimental technique providing useful information on the short-
time dynamics of nuclei in a series of condensed matter systems [41,11,13,40,22,12,117]. A remarkable development of the
technique occurred since middle eighties, when intense fluxes of epithermal neutrons were made available from spallation
pulsed neutron sources. The inverse geometry spectrometers, described in detail in this report, can reach unlimited energy
(loss), h̄ω, and wave vector, q, transfers, as shown in the previous sections. Although a comprehensive and thorough
discussion of DINS is made in Ref. [41], it is worth to remind here some key relations that are useful for the brief overview
presented in this section.

In the DINS regime, the inelastic neutron scattering cross section for unpolarized neutrons is related to the dynamic
structure factor S(q, ω) by [118,119]:
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Fig. 41. Radiative capture cross-sections of different Gd isotopes, plotted in the 1 meV–1 MeV energy region [114].

d2σ(E0, E1, ϑ)
dΩdE1

= h̄−1


E1
E0


|b|2S(q, ω)+ (|b2| − |b|2)SI(q, ω)


, (32)

b and SI(q, h̄ω) being the scattering length of the probed nucleus and the incoherent contribution to the total dynamic
structure factor, respectively. E0, E1 and ϑ are the incident neutron energy, the scattered neutron energy and the scattering
angle, respectively. At high q values (typically above 20Å−1), the scattering is incoherent,meaning that it occurs froma single
particle. The typical values of the energy transfer h̄ω attainable in DINS experiments range from 1 to 100 eV, corresponding
to a time scale of the order of 10−15–10−17 s, which is much shorter than the characteristic time scales of the high energy
excitations in condensed matter (typically above τ ≃ 10−15 s). Under these kinematical conditions, the nucleus probed
by the neutron recoils freely [41,40]. Thus, DINS explores the so-called short-time selfdynamics, and the incoherent and
free recoil scattering (resembling that occurring in the Compton scattering of hard X-rays off electrons) manifests in the
well-known impulse approximation (IA). Within the IA, the inelastic neutron scattering cross-section in Eq. (32) is [41,120]:

d2σ(E0, E1, ϑ)
dΩdE1

= h̄−1


E1
E0

|b2|SIA(q, ω), (33)

while the dynamic structure factor is given by [119]:

SIA(q, ω) = h̄
∫

n(p) δ
[
h̄ω − h̄ωr −

p · h̄q
M

]
dp, (34)
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Fig. 42. Plot of B′z(t)and B′′z (t)in Eq. (30). The amplitude of the moderator component is normalized to 1, while the amplitude of the decoupler component
is chosen as a fraction of the first one.

n(p) being the single particle momentum distribution. Eq. (34) establishes that scattering occurs between the neutron and a
single particle, while also conserving kinetic energy andmomentum of the particle+neutron system. The term h̄ωr =

h̄2 q2

2M
is the recoil energy, i.e. the kinetic energy the struck particle would have, providing it was stationary before the collision
and absorbed all the momentum transferred by the neutron [23]. The asymptotic property of the dynamic structure factor,
which was first emphasized by West in the context of electron scattering [118], provides the basic frame for its application
to DINS. Early experimental studies at spallation neutron sources showed that for wave vector transfers above 30 Å−1 the
scattering was centred at the recoil energy given by the impulse approximation, thus showing that the energy transfer and
the recoil energy are not independent in this kinematical range [121]. Within the framework of the IA, h̄ω and q are then
explicitly coupled through the West scaling variable y, defined as [118]:

y =
M
h̄2 q

(h̄ω − h̄ωr) . (35)

Eq. (34) can then be reduced to the form

SIA(q, ω) =
M
h̄q

J(y, q̂), (36)

where

J(y, q̂) = h̄
∫

n(p′) δ(h̄y − p′
· q̂) dp′ (37)

is the Neutron Compton Profile (NCP), formally defined as the Radon transform of themomentum distribution. The quantity
q̂ is a unit vector, as J(y, q̂) no longer depends on the magnitude of q. The function J(y, q̂) dy is the probability for an atom
to have a momentum parallel to q̂ of magnitude between h̄y and h̄(y + dy).

For an isotropic system, the direction q̂ is immaterial and Eq. (37) becomes [41]:

J(y) = 2π h̄
∫

∞

|h̄y|
p n(p) dp. (38)

It has to be stressed that in the IA framework, J(y) is symmetric and centred at y = 0 and the relation between n(p) and J(y)
is [41]:

n(p) = −
1

2π h̄3 y
·

[
dJ(y)
dy

]
h̄y=p

. (39)

It is worthwhilementioning that the IA is strictly valid only in the asymptotic double limit (q, h̄ω)→ ∞, keeping y constant.
For finite values of the energy and wave vector transfers, the dynamical structure factor retains an additional
dependence on q which is known as final state effects (FSE). A detailed description of this contribution can be found in
Refs. [122–125,41,40].

In the context of DINSmeasurements on condensedmatter systems, it is possible to discern two separate but interwoven
threads of developmentwithin the last decade. In the first place, systematic studies of the zero-point atomic kinetic energies
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Fig. 43. Proton mean kinetic energy, ⟨EK ⟩ in water as a function of temperature.
Source: From Ref. [126].

allow an insight into the relevance of quantum effects in the energetics of monoatomic and molecular systems. In the
second place, accurate studies of momentum distribution line shapes provide unique information on the local environment
and potential energy surfaces. DINS measurements performed on the VESUVIO spectrometer, both operated as a RFS or a
RDS provided relevant results in the field of molecular H-bonded systems as well as monoatomic quantum systems (e.g.
3He, 4He, etc.). Indeed the behaviour of protons, and more generally of light nuclei in condensed phases, is significantly
affected by quantum effects even at ambient temperatures. The isotopic effect in water, the ferroelectric behaviour of
potassium diphosphate, and the formation of high pressure ice phases, are just a few of the relevant phenomena where
the quantum behaviour of the nuclei plays a role. DINS measurements allow to give evidence of quantum effects by
strong deviations of themeasuredmomentum distribution from the classical Maxwell distribution. This technique provides
complementary information towhat is garnered fromdiffraction techniques thatmeasure the spatial correlations among the
nuclear positions. Because of the non-commuting character of position and momentum operators in quantum mechanics,
the momentum distribution is sensitive to the local environment. In the case of water, the most important hydrogen-
bonded system, chemical interactions occurring in the bulk typically represent small changes in the energy of constituents,
compared to the energy sequestered in the zero point motion of the protons in the water, primarily in that of the stretch
mode. To the extent that this energy does not change in the interaction, it may be ignored, and usually is. Nearly all
simulations of water in a variety of settings are done with models of water for which these changes cannot occur, or if
they can, are not considered because of the additional expense of treating the protons quantum mechanically. The energy
does change, however, as the structure of the hydrogen bond network changes. DINS allows to observe the changes in zero
point kinetic energy directly. These changes can be large (≥kBT ), and in either direction. For example, systematic studies
of the proton mean kinetic energy in bulk liquid water from the supercooled metastable phase to supercritical conditions
highlight the connection between the proton short-scale response to the changes in the H-bond network [126–132,115,
133–136].

More interestingly, the details of the shape of themomentumdistribution correspond to details of the confining potential
for the target particle (proton, deuteron. etc.): indeed the momentum distribution of the protons is a direct reflection of the
structure of their local environment, and in favourable circumstances, it can be used to infer the Born–Oppenheimer (BO)
potential for themotion of the proton. When the temperature is low enough, so that the target particle is in its ground state,
and if it is a light ion such as hydrogen, and surrounded by heavy ions, many body effects involving the motion of the heavy
atoms can be neglected. The environment of the proton is then described by means of a one particle potential. If the site of
the scatterer is inversion symmetric, it is then possible to reconstruct the spatial wave function and the BO potential of the
scattering ion. This approach allowed, for example, to obtain a direct observation of coherent proton tunnelling in potassium
diphosphate (KDP) and the first direct measurement of the proton 3-D BO potential in any material [137,25,24,138–140]. In
all cases, it puts strong constraints on any model of the potential surface (see Figs. 43–46).

Similarly to the case of molecular systems, in monoatomic and diatomic quantum liquids and solids, the investigation of
zero-point kinetic energies and momentum distribution line shapes provide unique information on momentum quantum
fluctuations due to effective single particle confinement in an interacting quantum liquid [141,142], as well as long range
coherence such as the condensation at zero momentum state in superfluid helium, or the signatures of the Fermi–Dirac
discontinuity in liquid 3He. In the case of DINS studies on helium, the measurements with eV inverse instruments
complement those carried out using direct geometry, such as theMARI spectrometer at ISIS, where, at the expense of awave
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(a) KDP momentum distribution T = 90 K.

(b) KDP momentum distribution T = 130 K.

Fig. 44. Two-dimensional proton momentum distribution above and below the ferroelectric transition.
Source: From Ref. [137].

vector transfer below 30 Å−1, the resolution for scattering from helium is excellent [143–145,70,146]. It has to be stressed
that, in contrast to the potential energy, the kinetic energy of a many-body system has distinctly different properties in
the classical regime (Maxwellian), the quantum liquid, the crystal (Debye-like), the superfluid (Bose condensation), and
for liquid 3He (Fermi-liquid behaviour). Helium and neon are nearly ideal systems in this respect, being amenable for a
tuning of nuclear quantum effects, thanks to the wide range of densities, temperatures, and phases that can be achieved
experimentally and retained stably in the laboratory. These systems, together with the other molecular quantum fluids
such as H2 and D2 have been extensively investigated in terms of the zero-point mean kinetic energy dependences on
temperature, density, and nano-size confinement [147–160].

For systems described by quantum statistics, the shape of the momentum distribution provides an insight into the
relevance of the spin-statistics behaviour. An outstanding example is the low-temperature superfluid behaviour of liquid
4He, where the superfluidity is associated with Bose condensation of a macroscopic fraction of the helium atoms into a
zero-momentum state [12,23,142,141,161]. A peculiar characteristics of the experimental DINS determination of n(p) is
that a quantitative comparison with theories is possible. In fact, in those systems where the interatomic or intermolecular
interaction potential is known to a high degree of accuracy, such comparison has been extensively carried out for
monoatomic quantum liquids and solids, such as 4He and 3He and neon [147,153,162,150,163].

Finally, we would like to remark that, in the last five years, synergistic advances have been accomplished in both
experimental and theoretical approaches for the determination of momentum distribution in hydrogen-bonded systems,
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Fig. 45. DINS-derived Born–Oppenheimer potential for protons in Rb3H(SO4)2 at 10 K [24]: (a) along the x-axis (solid line), y-axis (dotted line), and z-axis
(dashed line), the curves are shifted by 100 meV along the vertical axis for clarity. The uncertainties are shown in dashed lines. The fit to a double Morse
potential are shown in circles. (b) The potential energy surface in the yz plane.

and water in particular. These have been carried out thanks to the R&D activity on detection and energy analysis methods
(see the Resonance Detector and the Foil Cycling techniques described before), that resulted in considerable improvements
on the resolution and signal to background ratio for proton n(p) studies. On the theoretical side, the development of novel
quantumMonte Carlo simulation approaches has allowed an unprecedented description of nuclear quantum effects on the
momentum distribution in water [164,26,165–168].

5.2. High-energy inelastic neutron scattering

By virtue of its magnetic moment, the neutron can scatter off unpaired electrons through electromagnetic interaction
with the electron spin. There are several types of experiments in the field of condensed matter involving energy transfers in
the eV region (h̄ω > 0.5 eV), beyond the deep inelastic experiments discussed above [169,146]. Such experiments include
the study of high (anharmonic) vibrational states in hydrides [170], of electronic transitions in rare earth metals and com-
pounds [90], in molecules and insulators [171], semiconductors [172–175] and magnetic materials [176,177,82,178–180,
89,91]. Moreover, studies of the dynamics of paired electrons of inner filled s2 shells of impurity atoms in metals, where the
scattering is due to single electron excitations from the inner shell of the impurity to the free states of the metal, have been
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recently considered on the theoretical ground [181]. In order to fulfil the kinematic requirements imposed by the decrease
of themagnetic scattering intensity with the square of themagnetic form factor f (q) see Fig. 47, as q increases, high incident
and final energy, coupled to low scattering angles have to be employed to access the high h̄ω and low-q range [182].

Epithermal neutron beams at eV beam lines are characterized by a non-uniform spatial intensity profile. For example,
the Vesuvio spectrometer is characterized by an umbra of 3 cm in diameter, penumbra of 5 cm diameter, at sample position,
and a divergence of approximately 0.3°. These impose the instrumental layout [30]. The latter is characterized by a very low
angle detector bank (VLAD) with scattering angles in the range 1° ≤ ϑ ≤ 4°, and secondary flight paths of approximately
200 cm [183]. The single detector count rate is therefore lower than in the DINS case due to: (1) reduced scattering cross
sections for magnetic scattering; (2) reduced solid angle subtended by the detector array. The low angle bank on Vesuvio
provides the possibility of observing high energy excitations (0.5–10 eV) at modest wave vector transfer (2–10 Å−1) in
materials. At present, the effectiveness of the VLAD layout is reduced due to the non-optimized signal to background
ratio [59]. However the main components of the background field have been well identified [58,59]. This implies that the
necessary modifications to optimize the signal to background ratio can be implemented by, for example, the use of the Foil
Cycling technique [110,111], directional shielding against the line of viewof themoderator and/or beamdump, neutron time
of flight-photon energy bi-parametric data recording [184,185]. These actions can be easily addressed in any forthcoming
upgrade on VESUVIO, as well as giving the ground for the low angle bank on eV spectrometers that have been proposed at
last-generation spallation sources such as the Spallation Neutron Source (USA).
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Fig. 48. Neutron energy-dependent penetration depths in natural gold and copper [109].

5.3. Application to cultural heritage studies

Beyond DINS and HINS, epithermal neutron beams in the range 1–1000 eV can be also exploited for the study of the
elemental composition of materials (especially metals) of cultural and artistic relevance. Indeed, many elements in the
periodic table possess neutron cross sections characterized by the presence of resonances (absorption and radiative capture)
in the above range. Moreover, different isotopes of the same element have different resonance energies, all of them being
fingerprints of an element within the sampled object. These properties offer unique advantages to the study of metals
in bulk and macroscopically inhomogeneous objects, as well at the level of impurities and/or traces. Making use of the
energy dependent neutron cross sections for a variety of metals of interest in cultural heritage objects, such as gold, copper,
silver, etc., it is possible to probe complex objects non-destructively. This can be done exploiting the neutron penetration
depths, that in general are orders of magnitude larger than the typical photon/particle probes [186–188]. Fig. 48 reports the
neutron energy-dependent penetration depths in natural gold and copper, showing values ranging between a few microns
(resonance regions) to several centimetres in the energy range 25 meV to 1 keV.

At a neutron time of flight instrument, the resonances appear in the TOF spectrum at time positions that are univocally
defined by the resonance energy and the primary neutron flight path L0.

Two possible configurations may be exploitable: (1) register the prompt γ rays produced upon resonance absorption by
means of a photon detector to assign the arrival time of the resonant neutron onto the sample. This technique is known as
Neutron Resonance Capture Analysis (NRCA) [189,33,32]. The TOF spectrum in NRCA is featured by peaks: the peak time
position provides a qualitative information (i.e. it identifies the element), its area provides information on the amount
of the particular element identified within the object. This technique, already exploited to investigate for example the
mechanism of s-wave and p-wave neutron resonance capture in light and medium-weight nuclei [107], is fruitfully used
at the GELINA [50] pulsed neutron source (Belgium). Recently NRCA was also performed with excellent results at the ISIS
source on the INES beamline, as shown in Fig. 49 [190–192].

In the second configuration, the resonance absorption is used by analysing the beam transmitted through the sample
and using a neutron counter based on the reactions listed in Section 1. When a white neutron beam passes through a bulky
sample, and in correspondence of the resonance energies the beam is strongly attenuated. Within the EU-FP VI funded
ANCIENT CHARM project [193,194] this approach was extensively tested to develop an imaging technique, namely the
Neutron Resonance Transmission Imaging (NRTI). For example, using NRTI, bi-dimensional elemental maps of composite
copper–gold metallic objects were obtained with a 2 mm spatial resolution (see Figs. 50 and 51).

NRCA can be upgraded as an imaging tool to map the elemental/isotopical composition of an object [34]. This can be
achieved by using a pencil neutron beam (mm2 area) and a multi-positioning of the irradiated object with respect to the
beam with a xyz-ω motorized table [196]. The techniques and methods presented here have the potential to meet the
requirements for next generation energy-selective neutron imaging with sub-millimetre spatial resolution [197].

5.4. Exploiting the edge of the spallation neutron spectrum: the Chip Irradiation case

Although not specifically related to eV neutrons instrumentation, it is worth to stress that thanks to the intense fluxes of
both epithermal and fast neutrons (E ≥ 1MeV), spallation neutron facilities offer a unique opportunity for the investigation
of the so-called Single Event Effects (SEE) in electronics. These occur when the high energy component of the terrestrial
neutron field interacts with the sensitive region of a Si-based chip, disrupting its correct operation. This is a concern in fields
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Fig. 49. NRCA spectrum (neutron time of flight in upper panel, incident neutron energy in lower panel) of a Cu92Sb8 sample with 40 ppm (by weight) of
Au impurities, measured on the INES beam line at ISIS. The inset shows the energy region around the 4.908 eV gold resonance [189].

Fig. 50. Two-dimensional elemental map for copper in a composite copper–gold reference sample [195].

such as automotive, aviation, information technology infrastructures and medical [198–201] related to the development of
novel chips featuring nanometric size devices. SEE tests in the atmospheric neutron field (see Fig. 52) take several months
of data recording time.

Spallation neutron sources produce an almost atmospheric-like neutron spectrum with intensities that are, on the
average, 104–105 higher than the atmospheric one, allowing to perform tests in a few minutes. Typically, SEE tests were
mostly performed at LANSCE (US) or TRIUMF (Canada), but since 2005, after successful tests performed at the VESUVIO
spectrometer [204], the effectiveness of the ISIS source for SEE investigation was shown [205]. This opened the way to the
design of the ChipIr beam line at ISIS TS2 [206].

At present an R&D activity is devoted to the development of fast neutron real time detection techniques. Different
approaches are under study, such as the Bonner Sphere Spectrometer [1], Thin Film Breakdown Counters (TFBC) [207],
or diamond detectors [208–212], the last one allowing for very localized (mm2 resolution) beammonitoring. Together with
detector-oriented activities, a study of the spallation target is ongoing in order to fulfil the requirement of high intensity
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Fig. 51. Two-dimensional elemental map for gold in a composite copper–gold reference sample [195].

Fig. 52. Atmospheric neutron spectrum according to the IEC standard (dashed line) [202] and JEDEC standard (continuous line) [203].

of fast neutrons. This may offer a benefit also for electron volt neutron beams for the applications mentioned above in
this section.

6. Conclusions

In many fields of experimental physics the breakthroughs in the fine knowledge of matter have been brought into reality
through advances in the development of new detector concepts and devices for energy analysis of radiation beams. In
the case of neutron scattering, the pioneering work carried out by Samosvat et al. [22], was not immediately followed
by other experimental studies, until the construction of pulsed neutron sources was completed. Indeed more complex
experiments, but still on an explorative level, were carried out on model systems during the first years of operation of
pulsed sources [16,17,20,15,213]. These were not corroborated by a comprehensive theoretical background, indeed in its
early stages at the time, neither at the instrumental level, having the character of a limited research and development
activity that did not raise from test level towards a full scientific programme. The instrumental apparatuswhere the scientific
programme has been extensively carried out was the electron-Volt Spectrometer (eVS) at the ISIS neutron source, where the
first experimental determinations of the momentum distribution and mean kinetic energy were carried out on hydrogen
containing systems [214–216].

The key factors that allowed to enhance the performances of this type of spectrometerwere directed towards a significant
improvement on the resolution and on count rate capabilities. These involved either new methods of energy selection
(DoubleDifference [95,94,93] and Foil Cycling [110,111]), aswell as detection concepts such as the Resonant Detector [17,20,
184,31]. On Vesuvio, in the current configuration, the use of YAP detectors in conjunction with the Foil Cycling technique in
the forward scattering bank, allows a momentum space resolution for proton momentum distribution studies of ∆p

p = 13%,
and counting statistics errors of 1% at the centre of the overall Neutron Compton profile and of 15% at 1/15 of the peak
height, respectively. In this report we have presented a description of the detection techniques and methodologies that
have been developed for eV spectrometers, and that demonstrated their potential for studies of condense matter, together
with the perspective on the research activity that can be devoted to subsequent developments on eV instrumentation.
The main body of research presented here started in the last decade, with the most significant advances carried out since
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2005. The experimental studies that followed, have stimulated new theoretical approaches on nuclear quantum effects in
hydrogen-containing systems [164,26,165–167] and may prove a benchmark test of new ab-initio methods, such as the
coloured-noise approach to the quantum description of molecular systems [166]. These represent a step beyond the state
of the art described in the latest review on momentum distribution studies using inelastic neutron scattering of Ref. [41].
It is interesting to recall what was envisaged in terms of perspectives of the technique: ‘‘...we expect the window into the
quantum reality provided by the exploitation of high-energy neutrons to provide a unique perspective on systems of interest to a
wide range of disciplines. And, as with any other new window, we expect that much of what we will find most interesting in these
investigations will be unexpected...’’. These expectations were not only confirmed, but were surpassed, as for example in the
case of the extension of this spectroscopic technique to proteins [217,218] and nucleic acids [140], or cultural heritage [189,
219].We feel in turn obliged to formulate a prospect for the future: the development of instrumentation andmethods, some
of which we have outlined here, will allow at extending this kind of studies, for example momentum distribution of heavier
mass systems to understand the influence of chemical environment on the dynamics of deuterium, lithium, oxygen, up to
sodium. Moreover, the optimization of low angle detector banks, making use of the experimental findings on directional
components of the gamma background (see Section 2), coupled with Foil Cycling technique, may allow a simultaneous
measurement of single-particle excitations (e.g. vibrational spectrum around the stretching mode [88] and/or electronic
transitions) and momentum distribution, enhancing the scope of eV neutron spectroscopy. Finally, the aim of this report is
to provide a detailed reference for eV neutron spectrometers in view of the possibility opened to the construction of this
class of instruments of unprecedented performance at the next generation spallation sources worldwide [220–222].
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